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EXPERIMENTAL AND ANALYTICAL DETERMINATION OF THE MOTION 
OF HYDRAULICALLY OPERATED VALVE STEMS IN OIL ENGINE 
INJECTION SYSTEMS 

By A. G. Gelalles and A. M. Rothrock 



SUMMARY 



This research on the pressure variations in the injection system of the N. A. G. A. Spray 
Photography Equipment and on the effects of these variations on the motion of the timing valve stem 
was undertaken in connection with the study of fuel injection systems for high-speed oil engines. 
The Spray Photography Equipment employed for these tests consists of a fuel injection system for 
producing an oil spray, an electrical sparTc system for illuminating the spray, and a photographic 
camera for recording its development. The fuel injection system contains a high-pressure hand 
pump for producing the injection pressures, an oil reservoir for maintaining the pressures of the 
fuel during the injection, a timing valve for timing the start of the oil spray, an injection valve for 
atomizing the oil, and a by-pass valve for controlling the cut-off of the spray. Additions were made 
t<> the apparatus in order to record the motion of the timing valve stem photographically. 

The timing valve stem was held against its seat by a helical spring so adjusted that the total 
h ydraulic force on the stem actuated it immediately after it had been mechanically lifted from its 
seat. The lift of the stem was recorded photographically to determine the effects of injection tubes 
7 inches and 48 inches long. The pressure variations at the seat and in the injection valve tubes 
were analyzed and the lifts of the stem for both tubes computed from the analysis and compared 
with the experimental records. 

The calculations indicate that the hydraulic pressure at the timing valve seat was rising at a 
rate of 350,000,000 pounds per square inch per second when the timing valve stem had been lifted 
0.004 inch, and that the hydraulic pressure throughout the tube did not approximate that of the oil 
in the reservoir until 0.0028 second after the timing valve started to open with the 43-inch tube and 
0.0008 second with the 7-inch tube. The calculations and experiments indicate that after the by-pass 
valve started to open the hydraulic pressure in the tube dropped to the closing pressure of the timing 
valve in 0.0015 second with the 48-inch tube and in 0.0004 second with the 7-inch tube. The photo- 
graphic records of the stem motion show that the stem reached the maximum lift approximately 0.001 
second later with the 43-inch tube than with the 7-inch tube, and that the valve stem seated 0.0005 
second later with the 43-inch tube than with the 7-inch tube. 

The general equation for the motion of the stem of a spring-loaded valve when the motion is 
controlled, by hydraulic pressure is 

/=X t+m 372 

where f= hydraulic force on the stem at any time t seconds after the start of motion plus or minus 
the friction of the stem in its guide, 
X = scale of spring, 

s = compression of the spring at any time t seconds after the start of motion, 
m = mass of moving parts. 

The methods of analysis of the pressure variations and the general equation for the motion of 
the spring-loaded stem for the timing rain are applicable to a spring-loaded automatic injectwn 
valve, and in general to all hydraulicaUy operated valves. A sample calculMwnfCf a spmig-loaded 
automatic injection valve is included. 
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INTRODUCTION 

The design of an efficient, smooth-running, high-speed oil engine requires careful study of 
the operation of its fuel injection system. Of the two types of injection systems generally used — 
air injection and hydraulic pressure injection — the hydraulic pressure system is particularly 
adaptable to the high-speed oil engine. There are two types of hydraulic pressure injection 
systems, one using a mechanically operated injection valve, and the other a hydraulically 
operated or automatic injection valve. Most fuel injection systems using automatic injection 
valves are fitted with an injection tube a foot or more in length between the injection valve and 
the fuel pump. The oil in this tube, with few exceptions, is subjected to high pressures only 
during the injection period. The instantaneous pressures at the injection valve are not the same 
as those in the fuel pump because of the compressibility of the oil within the injection tube, the 
elasticity of the injection tube walls, and the inertia of the oil. 

The form and penetration of a fuel spray from an injection valve depend largely on the 
hydraulic pressure variations in the injection valve during the injection period. The pressures 
under which the injection valve operates are affected to a large extent by the compressibility 
of the oil within the injection tube, the elasticity of the tube walls, and such pressure 

waves as may occur in the injection system. 
Tl tese pressure variations can be approximately 
determined by analyzing the effects of injection 
tube length and bore, residual pressure in the 
injection tube, injection pressure, and different 
rates of pump displacement. No experimental 
or theoretical data, so far as is known, have been 
published on these variations of pressure during 
the period of injection. 

Investigations have been started at the 
Langley Memorial Aeronautical Laboratory at 
Langley Field, Ya., for the purpose of studying 
these pressure variations in the injection system of the N. A. C. A. Spray Photography Equip- 
ment. (Reference 1.) This injection system consists of an oil reservoir into which the fuel oil 
is pumped under hydraulic pressures up to 8,000 pounds per square inch, a timing valve to 
release the oil under pressure from the reservoir to the injection valve, an injection-valve tube 
connecting the timing valve to the injection valve, and the injection valve from which the oil 
is sprayed into the spray chamber. 

This report covers an investigation of the pressure variations in this injection system in which 
the motion of the timing valve was determined experimentally when its lift was controlled by 
the hydraulic pressure of the oil in the reservoir. The purpose of this investigation was, first, 
to determine how closely the actual motion of the timing-valve stem approached the motion 
of the stem as it was computed from an analysis of the pressure causing the stem to lift, and, 
second, to determine the effect of the length of the injection-valve tube on the pressure varia- 
tions at the timing valve. The timing-valve stem was held against its seat by a helical spring 
so adjusted that the stem was actuated by the oil pressure after it had been lifted approximately 
0.001 inch from the seat by a cam-operated rocker arm. Thus the operation of the timing 
valve under this spring load was similar to that of a spring-loaded automatic injection valve. 

APPARATUS AND METHODS 

The N. A. C. A. Spray Photography Equipment (reference 1) consists of a fuel-injection 
system for producing the oil spray, an electrical-spark system for illuminating the spray, and 
a photographic camera for recording its development. The fuel injection system (fig. 1) con- 
tains a high-pressure hydarulic hand pump for producing the injection pressures, an oil reser- 
voir for maintaining the pressure during injection, a timing valve for timing the start of injec- 
tion, an injection valve for atomizing the oil, and a by-pass valve for controlling the cut-off of 
the injection. 



A, By -pass valve; Reservoir. 
3, Pressure gouge; 

C, Mirror attachment, 

D, Timing valve; 
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The timing valve (fig. 2) is a spring-loaded needle valve operated by a cam and a rocker 
arm One half of a clutch similar to the type used in punch presses is rigidly attached to a 
shaft that is driven by an electric motor at 950 r. p. m. The other half of the clutch is mounted 
on the cam shaft and engages the first half when a trip lever is struck. The two halves of the 
clutch remain engaged for one revolu- 

Uonnection to oil reservoir- 



tion of the cam shaft causing a com- 
plete cycle of the operation of the 
injection system to take place. 

Additional apparatus was in- 
stalled (fig. 3) in order to record the 
motion of the timing valve stem 
photographically. A pivoted mirror 
was connected to the outer end of 
the timing valve stem by a lever arm. 
A beam of light from a point source 
was focused on this mirror by a lens 
and was reflected onto a photographic 
film mounted on a drum which was 
rotated by an electric motor at a 
speed of 3,400 r. p. m. Any motion 
of the stem changed the angle of the 
mirror and the position of the re- 
flected beam of light on the Sim. 
The motion of the stem during the 
operation of the valve was thus record- 
ed on the film as a continuous line 



To initio/ pressure 
control volve. 
Seot. 




Figure 2— Timing valve mechanism 
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It was desired in this research to investigate the pressure variations at the timing-valve 
seat and in the injection tube as well as the motion of the timing valve stem. Consequently, 
the spring force on the stem was adjusted so that it was less than the hydraulic force on the 
stem when the valve was opened, hut still held the stem against the seat with sufficient force 

to prevent leakage of the fuel when the 



Point source of light 



r 




EG 



Mirror 



valve was closed. The hydraulic force on 
the stem from the injection pressure used in 
these tests was 153 pounds when the valve 
was opened and 67 pounds when the valve 
was closed. A spring force of 132 pounds 
was found sufficient to prevent leakage. 
Under these conditions the hydraulic force 
A\! Timing vale \tem^ " V actuated the stem after the cam had lifted it 

sufficiently to permit the oil pressure to build 
up around the seat and end of the stem. The 
rocker arm (fig. 2) was adjusted with a clear- 
ance of 0.001 inch between it and the spring 
follower when the valve was closed so that 
the entire spring force acted upon the seat. 

The test procedure was similar to that 
used in the tests on injection valves with this 
apparatus. (Reference 1.) The pressure was 
raised bv means of the hydraulic hand pump to 1 ,000 pounds per square inch in the injection 
valve tube and to 8,000 pounds per square inch in the oil reservoir he rotating hall ol 
the clutch and the film drum were brought to the test speeds. rhe beam ol light was 
lo( . U sed on the mirror. The clutch trip lever was struck, the clutch engaged, and the 
cam shaft made one revolution. Oil passed through the opening between the stem and the 



A, Lever arm 

B, Bolt socket 
Q Vertical shaft 

D, Mirror 

E, Adjusting screw 

Figure 3.— Apparatus for recording the motion of the timing valve 
stem. Enlarged views of end of timing valve, showing mirror 
attachment on end of stem, given at right of figure 
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nozzle seat of the timing valve as the rocker arm lifted the stem and the oil pressure built up 
around the seat and end of the stem. As soon as the hydraulic force exceeded the spring force, 
the stem lifted at a faster rate than that produced by the cam. The oil passed through the 
timing valve into the injection valve tube, forced the injection valve open and sprayed into the 
spray chamber. A second cam opened the by-pass valve 0.0043 second after the timing valve 
stem was put in motion, the pressure dropped in the injection tube, and the injection valve 
closed. 

A record was taken of the motion of the timing valve stem as produced bv the cam alone 
with no oil m the system, so that the start of the motion produced by the hydraulic pressure 
might be obtained. The force acting on the rocker arm at the start of the motion was increased 
67 pounds when no hydraulic pressure was used in the system. The effect of the rocker arm 
deflection on the lift of the stem due to this difference of force was found by both computations 
and experiment to be O.OOOti inch. Corrections were made for the rocker arm deflection in order 
to compare tins record with those produced by the hydraulic pressure. 

EXPERIMENTAL RESULTS 

A photographic record of the motion of the timing valve stem with the 7-inch injection 
tube is shown in Figure 4. The time is recorded horizontally and the lift vertically. The hori- 
zontal line represents zero lift. The velocity with w hich the stem was lifted is seen to have 
increased during the first part of the opening of the valve and then to have remained practically 
constant until the maximum lift was reached. This maximum lift, due to the inertia of the 




Figure 4.— Record of the timing valve stem motion. Tube length 7 inches. Injection 
pressure 8,000 lh./s<|. in. Initial injection tube pressure 1,000 lb./3q. in. 

moving parts of the valve, was greater than the lilt at which the restoring force of the spring 
was „, equilibrium with the hydraulic force. The resulting harmonic motion produced bv (his 
effect was damped out by the reversal of the friction of the stem in its S uide and by the inertia 
of the oil. The stem then remained in the position at which the spring force, hydraulic force 
and friction were u, equilibrium. This part of the curve has a slight downward slope because' 
ot the discharge ol the oil from the reservoir. The pressure in the system was released after an 
interval of 0.0043 second by the opening of the by-pass valve. As the pressure across the timing 
valve scat dropped the stem was forced back by the valve spring to the closed position. The 
rate ol closing of the valve was controlled by the spring force, the rate of pressure drop the 
inertia of the moving parts of the valve, and the friction of the stem in its guide. The stem 
rebounded after the impact against its seat since the excess of spring force over the hydraulic 
force at this time was small. 

The record shown in Figure 4 is reproduced in curve (a) (fig. 5), with the coordinates of 
time and lilt. Curve (b) (fig. 5) is a reproduction of a photographic record of the stem motion 
with the 43-inch injection tube. Curve (c) (fig. 5) is a reproduction of a record of the stem motion 
produced by the cam alone. The variations between curves (a) and (b) are caused by the 
effects of the injection tube lengths on the volumes of the oil in the tubes and the distance of 
pressure wave travel, since all other test conditions were maintained constant. The difference 
between the rates of opening of the valve for the two injection tubes indicates that with the 
shorter tube and smaller oil volume the pressure at the timing valve seat and across the end of 
the timing valve stem increased faster than with the longer tube. The maximum lift is greater 
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with the 7-inch tube because of the higher velocity of the stem as indicated in Figure 5. The rate 
of closing of the timing valve is approximately the same for both tubes. However, with the 
7-inch tube the valve closed about 0.0005 second earlier than with the 43-inch injection tube, 
although the by-pass valve opened at the same time for both tubes. The curves show that the 
velocities with which the stem came in contact with the seat, points A and A', were comparatively 
high and that the valve stem rebounded from the seat. 
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Fi.iiRE 5.-Eflfect of injection valve tube length on the lift of the timing valve stem. 
Injection pressure, 8,000 lh./sq. in. Initial pressure in the injection valve tube, 1,000 
lb./sq. in. Curve a-tube length T inches, inside diameter H inch; curve b-tube 
length 43 inches, inside diameter H inch; curve c— stem motion imparted by the cam 

The experimental records do not give exact measures of the pressures existing at the timing 
valve seat and end of the stem while the stem was in motion because of the friction and inertia 
of the moving parts. Thev do, however, give a direct comparison between the different test 
conditions The straight-line portion of each curve is a measure of the maximum pressure and 
the friction, since the maximum pressure at the valve seat was maintained for a short tunc. 
ANALYSIS OF PRESSURE VARIATIONS-COMPUTATIONS OF THE VALVE-STEM MOTION 
A mathematical analysis can be made of the pressure variations in the timing valve and 
in the injection valve tube Iron, which the motion of the timing valve stem for given test con- 
ditions can be approximately computed. The motion of the stem may be divided into two 
parts-first, the motion imparted bv the cam, and, second, the motion imparted by the hy- 
draulic pressure. The motion is imparted by the can. until the hydraulic force exceeds he 
spring force by an amount sufficient to give the stem a faster rate of lift than that given by he 
cam " The time required for the hydraulic force to reach this value can be compute, Iron, the 
test conditions and Iron, a consideration of the How of a liquid between **o paraUel planes 
moving away from cadi other. These computations will be greatly simplified if it De consid- 
ered that the seat and the end of the stem are extended to form complete cones that the o, 
in the injection tube does not affect the rate of pressure rise between the seat and stem, and 
thai the pressure rises across the end of the stem at the same rate, as at the smallest circum- 
ference of the seat, The hydraulic pressure p at any point on the conical surface oi the scat 
at a distance I from the apex of the cone, under these conditions, is given by the equation 



p _3 M V(l 2 *-l 2 ) 
ft* cos 2 a 



(A) 



where P = pressure at the larger circumference of the seat, 
H = viscosity of the fuel oil, 

V= velocity at which the stem is lifted from its seat, 

A = stem lift or opening measured parallel to the stem axis, 

a = angle the conical surfaces of the seal make with a plane perpendicular to the stem 

axis, and . .. 

? 2 =distance from apex of cone to its base measured along the eonu-al surface. 

Consider the low of a liquid between two fixed parallel planes, 
(fig. 6), with the pressure gradient extending in the directions X and Y. The flow pei unit 
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width in the directions X and Y, respectively, when h is small, is given by equations (1) and (2) 
(reference 1), 

¥ bp 



U= 



12 a dx 



(1) 



rp_ h 3 dp 

i- l2^ (2) 

in which U and T are the respective rates of flow, „ the viscosity of the fluid, and p the unit 
pressure. At the timing valve seats (fig. 7) there are two conical surfaces moving away from 
each <»th, r. Consequently, there is an excess of inflow over outflow to supply the increase of 
volume between the surfaces. The pressure p between the seat and stem for anv lift of the stem 
vanes from a maximum at r, to a minimum at the apex of the cone formed by extending the 
scat. Consider a differential volume (fig. 7) extending between the seat and stem and contained 
between two planes normal to the conical surfaces at distances / and l + 8l from the apex of the 
■ •one, and between two planes that intersect along the axis of the stem making a small angle 60 
radians on the surfaces. When t he stem moves from the seat at a velocity V u measured normal 






r** 


rS^ 1 ' 






Fruke r, 



Figure 7.— Timing valve seat 



to the seat, the rate of increase of volume is V l 8U86. This rate of increase in volume is also 
equal to the rate oi increase m inflow. Equating the rate of increase of volume to the rate of 
increase oi inflow obtained from equation (1), 



This reduces to 
Integrating (3a), 



h, 3 ~ l dl + ti 



bp 

when / = 0, Substituting these values in equation (4) it is found that 



(3) 
(3a) 
(4) 



so that equation (4) becomes 

Integrating again, 
when / = /,., p = P. Substituting 
and 



bp GfiVi 
bl 

n _ p 3/i VJ,*? 



(4a) 

(5) 



(oa) 
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If Vis the rate at which the stem is lifted from the seat, measured parallel to the stem axis, then 



and from Figure 7, 

Equation (5a) then becomes 



Vi=V cos a, 
lii—li cos a. 



^ ^ W cos 2 a 
The pressure p x at r x for any lift h is 



P-P- J 91 \ (/ 2 2 -/l 2 ). 

1 hr cos 2 a 



(5b), (A) 
(5c) 



8000 



For the timing valve stem a is 30°, 7 L is 0.054 inch, l 2 is 0.072 inch, and the pressure P 
at r 2 is the injection pressure of 8,000 pounds per square inch. Experiments in this laboratory 
showed that at atmospheric pressure and 60° 
F., the viscosity of the Diesel oil used was 45 
Saybolt seconds, corresponding to 0.000106 
pound-second per square foot. (Reference 
3.) The viscosities of oils of similar prop- 
erties to the Diesel oil employed in this in- 
vestigation (reference 4) are, for the average 
pressure of these calculations, between three 
and four times their viscosities at atmos- 
pheric pressure and temperature. The value 
of three times the viscosity of the Diesel oil 
at 60° F. and atmospheric pressure was used 
for /z. Substituting these values in (5c), 

? , = 1 , 1 5 2 ,000-0^,27 ^°° ra >'-f 054 '' 

(6) 

where p x is in pounds per square foot, V in 
feet per second, and 7i in feet. 

The values of V and Ji are obtained for 
any instant from an enlargement of a record 
of the cam-imparted motion of the stem. 
The spring end of the stem, because of the 
compression of the stem by the spring, was 
lifted 0.00157 inch before there was any 
actual opening between the seat and stem. 
The time required for this lift was 0.00028 

second. Consequently, the exact values of , 

V and h for the tip end of the stem at the start of its lift could not be determined. It was 
assumed, however, that these values were the same as those of the spring end of the stem when 

V and ft, as taken from the motion of the spring end of the stem, gave p greater than zero 

The pressure rise at I, as the stem lifted from the seat, obtained from equation (6), is plotted 
in Figure 8. The curve shows that the pressure at the smallest circumference of the stem was 
97.5 per cent of the reservoir pressure 0.00011 second after the stem left the seat, lhe corre- 
sponding lift between the seat and stem was 0.00085 inch. . . .. 

The viscosity of the fluid has been treated as a constant in the derivation of equation (5c) 
actually the viscosity varies with the pressure. (Reference 5.) Since equation (5c) is intended 
to give only the order of magnitude of the pressure variations and since the value chosen lor lie 
viscosity of the Diesel oil may be in error by as much as 100 per cent, it is believed that the 
further complications introduced by considering /* as a function of p are not justified. 
60519—29 2 
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.0010 -0020 
Lift between stem and seat, inches 
Figure 8— Pressure variation at seat 
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The hydraulic force on the stem was of sufficient magnitude 0.00011 second after the stem 
was lifted from the seat to lift the stem at a faster rate than that caused by the cam. The 
conditions under which the stem was actuated at this time were: 

Hydraulic force on stem=153 pounds. 

Spring force on stem, 132 pounds + (0.00085 inch + 0.0157 inch) 1,000 pounds per inch=135 pounds. 
Friction between stem and guide (obtained with spring balance with no pressure in valve) = 5 pounds. 
Weight of moving parts = 0.130 pound. 
Velocity of stem = 8.4 inches per second. 

Lift of spring end of stem, 0.00085 inch + 0.00157 inch = 0.0024 inch. 

Time spring end of stem had been in motion (0.00011 second + 0.00028 second) =0.00039 second. 

Spring scale: Compression (by test) = 1,150 pounds per inch; expansion (by test) = 1,125 pounds per inch. 

Compression of spring, 0.115 inch + 0.00085 inch + 0.00157 inch=0.1174 inch. 

The equation for the motion of the stem when actuated by the hydraulic force is 
in which 

7c = Jf + \ (mvi 2 - 2 fs l + Xsf) 

where 

«i = compression of spring at beginning of oil imparted motion, 
s = any distance spring is compressed greater than s u 
£i = time of travel to s u 
t = time of travel to s, 
m = mass of moving parts, * • 

X = scale of spring, 

/= hydraulic force on the stem minus friction of the stem in its guide, and 
Vi = velocity at s lt 

Equation (B) is obtained from the general relation between force, mass, and acceleration, 

F=ma (7) 

in which F is the resultant force acting at the stem at the time t, and a is the acceleration of the 
stem. The force F is equal to the difference between the force / and the restoring force of the 
spring, 

ma=f-\s, (7a) 

and 



Since 



in which v is the velocity at s. 
Substituting (7b) in (8) 



m 



dv , ds 
a = -y,> ana v= 37 > 
dtf d£ 



C7b) 



m 

Integrating between the limits of v and b\ 



vAv = aAs (8) 



vdv =U^ ds (8a) 



2 m {s 6l) 2 m (9) 
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Solving (9) for v and equating to ds/dt, 



dt v 1 m m m 



Xs_ 2 
m 



Integrating again between the limits of s and s u 

t 

Equation (10) becomes, on substituting numerical values: 



t = 0.00039 + — ^ [sin" 1 (78.6s- 10.1) - 1.65tt] 



(9a) 



(10), (B) 



(10a) 



w here t is in seconds and s in inches. Equation (10a) represents the time of motion of the timing 
valve stem in terms of compression of the spring. The lift of the stem S, is at all times 0.115 
in. less than the compression of the spring. Solving for S, 



S = 0.0135 + 0.0127 sin (4.46+18490 



(11) 




.003 . 004 .005 . 006 . 007 .008 
Time, seconds 

Figure 9— Computed and actual motion of the timing valve stem with the 43-inch tube. 
Initial spring compression, 130 pounds. Injection pressure, 8,000 lb./sq. in. Initial 
pressure in the injection valve tube, 1,000 lb./sq. in. Curve e— computed motion; 
curve d— actual motion 



The curve for the variation of stem lift with time from equation (11) is plotted in Figure 9, 
curve e, and Figure 10, curve f, 
for the 43-inch and 7-inch tubes, 
respectively. The curves show 
that the stem reached its maxi- 
mum lift of 0.026 inch after the 
stem had been in motion 0.0018 
second. The stem traveled to a 
higher maximum lift than would 
have been obtained from the hy- 
draulic force alone, because of 
the inertia of the moving parts. 
The stem then returned to the 
position at which the hydraulic 
force plus the friction of the stem 
in its guide were in equilibrium 

with the spring force. The static pressure in the oil reservoir and consequently the hydraulic 
force on the valve stem was continually reduced by the flow of oil through the timing valve. 
This flow supplied the oil for the compression of the oil in the injection valve tube, for the 
expansion of the tube walls, and for the discharge through the injection valve. 

Computations for the 43-inch injection tube (appendix) show that the compression of the 
oil in the tube was completed in 0.0032 second and that the pressure in the oil reservoir was 
7,830 pounds per square inch at that time. The forces on the stem with this pressure were m 
equilibrium at a lift of 0.022 inch. Consequently,- the computed curves passed through the 
point whose coordinates were 0.0032 second and 0.022 inch. The discharge of oil through the 
injection valve for both tubes caused a drop of static pressure which gave the computed curves 
a downward slope of 0.0005 inch for each 0.001 second. Therefore, a line was drawn for the 
43-inch tube (fig. 9) through the point (0.0032 second, 0.022 inch) with this slope and extended 
upward to the left until it intersected the curve from equation (11), and downward to the 
right until it intersected the abscissa 0.0043 second, at which time the by-pass valve was 
opened. . 

Similar computations for the 7-inch injection tube show that the compression oi the oU 
column was completed in 0.0006 second and that the pressure in the oil reservoir when the maxi- 
mum lift was reached was 7,940 pounds per square inch. The forces with this pressure were 
in equilibrium at a lift of 0.024 inch. Consequently a line was drawn starting at the second 
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intersection of the curve from equation (11) with the ordinate 0.024 inch and extended down 
ward to the right with the same slope as used for the 43-inch injection tube until it intersected 
the abscissa 0.0043 second. 

The oil force on the seat and end of the stem diminished as the oil flowed through the by-pass 
valve, so that the spring forced the stem back to the seat. The stem motion for the closing of the 
timing valve can be computed if the rate of pressure drop in the timing valve is known. The ap- 
proximate rate of pressure drop at the stem was obtained as follows, assuming the static oil pressure 
throughout the tube was affected instantaneously by the discharge through the by-pass valve : 
The motion of the by-pass valve was determined from the cam contour and linkage. An 
increment of lift was taken and the average pressure difference was determined for this lift by the 
method used for the opening of the timing valve. The amount of oil passed through the by-pass 
valve was calculated by the method used in the Appendix for the timing valve. The average 
pressure in the injection tube was obtained from the amount of oil discharged through the 
by-pass valve and the amount of oil passed through the timing valve and through the injection 
valve, the average rate of flow through the injection valve being determined experimentally 
(Appendix). The procedure was repeated until the computed pressure in the injection tube 
was reduced sufficiently to permit the closing of the timing and injection valves. 

The pressure in the oil reservoir at the end of injection determined by this method was 

found to be within 1 per cent of the 
observed pressure in the reservoir at the 
end of injection. The results of these 
calculations are represented by the short 
dashed lines in Figure 9 and Figure 10. 
These sections of the curves would have 
represented the travel of the timing valve 
stem were it not for the inertia of the 
moving parts and the inertia of the oil 
to be displaced. They represent the 
rate of pressure decrease in the tube. 
The inertia of the oil can be dis- 



.030 




.001 .002 



.005 .006 .007 



Initial 
Initial 



.003 .004 
Time, seconds 

Figure 10— Computed and actual motion of the stem for the 7-inch tube, 
spring compression, 130 pounds. Injection pressure, 8,000 Ib./sq. in. 

pressure in the injection valve tube, 1,000 lb./sq. in. Curve f— computed motion; M „ fl1 ,J fi J • - f • ^ i- ;i i„ • ~ 

curve g-actuai motion regarded since it is negligible in com- 

parison with the other forces. The 
instantaneous lag due to the inertia of the moving parts can be derived from the conditions 
at the start of the closing motion and the rate at which the pressure dropped at the end 
of the stem. The forces acting on the stem at the start of the closing motion were the 
hydraulic force and the friction of the stem in its guide, both tending to hold the stem in the 
open position, and the spring force tending to move the stem to the closed position. Using the 
same symbols as before, with the exception that / is now the sum of the hydraulic force and the 
friction, the equation of the closing motion is 



f=\s + ma 



(12) 



For any instant, / is equal to C+ Kt, in which C is the hydraulic force at the beginning 
of pressure drop plus the friction, K is the rate of decrease of hydraulic force, and t the time 
measured from the beginning of opening of the by-pass valve. Then 



when 



C+Kt = \si-m^ 2 
_ dr 
The complete integral of (13) is 



+ 



C+Kt 



(13) 



(14) 



Then 



, „ C ,ds A 
t = 0, s = ~j and -r: = 0. 
X at 

5 = 0 
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Differentiating equation (14) , 
Substituting and solving for A, 
Substituting in (14) 



A K I™ 

K lm . / / X A 
-xVx sm UmV 



C, Kt 

6 = x + T 



(15), (C) 



Substituting numerical values and solving for S, the equation of the closing motion of the 
timing valve stem with the 43-inch injection tube is 



5 = 0.0214 -15.47* + 0.0083 sin (18280 



and with the 7-inch injection tube is 



# = 0.0232 -70* + 0.0383 sin (1828*) 



(16) 



(17) 



Fuel 
inlet 

Annular 
area "A 



The curves from these equations are plotted as continuations from the abscissa 0.0043 sec- 
ond of curve (e) (fig. 9), and of curve (f) (fig. 10). 

The experimental curves (fig. 5) are reproduced in Figures 9 and 10 for comparison with 
the computed curves. The curves indicate that the motion imparted by the oil pressure started 
at the same time for both the experimental and computed curves. 
The variation between the computed and experimental curves for the 
opening of tin 4 valve indicates that the pressure across the seat and 
end of the stem increased at a slower rate than was computed. The 
curves agree closely for the maximum pressures on the stem and for 
the times and the rates of closing of the valve. 



APPLICATION OF THE RESULTS OF ANALYSIS TO AN AUTOMATIC 
FUEL-INJECTION VALVE 

The opening and closing motion of the spring-loaded stem of an 
automatic fuel-injection valve can be obtained from the foregoing analy- 
sis if the variations of the hydraulic force Acting on the stem are known. 
Consider an injection valve (fig. 11) of a fuel-injection system for an 
oil engine, the pressure in the system being built up directly by a cam- 
operated fuel pump and released by a by-pass valve. Assume the 
following operating conditions: 

Helical spring force, 40.9 pounds. 

Helical spring scale, 1,000 pounds per inch deflection. 

Area of A normal to stem axis, 0.0153 square inch. 

Area at stem seat normal to stem, 0.0123 square inch. 

Friction of stem in its guide, 5 pounds. 

Hydraulic opening pressure of injection valve, 3,000 pounds per square inch. 
Maximum hydraulic pressure, 8,000 pounds per square inch. 
Engine speed, 1,000 R. P. M. 

Fuel-injection period at full load on the engine, 36° crank-shaft travel, 0.006 second. 
Time for pressure bo increase^ from opening pressure of the injection valve to maximum, 
0.006 second. 

Rate of pressure rise throughout the injection-tube length during the period of injection, 
constant (5,000 0.006 pounds per square inch per second), 833,000 pounds per square inch per 
second. 

Weight of moving parts, 0.04 pounds. 

Maximum allowable lift of injection-valve stem, 0.015 inch. 




Nozzle-^ 



Figure 11— Spring-loaded auto- 
matic fuel injection valve 
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The hydraulic opening pressure of 3,000 pounds per square inch in the injection valve, 
acting on the annular area A, is sufficient to overcome the spring force and the friction force 
of the stem in its guide. The hydraulic force does not act at the end of the stem until the stem 
has lifted sufficiently for a pressure to build up between the seat and stem. It was shown in this 
report, for approximately the same conditions, that the stem rises from the seat about 0.001 
inch before the pressure between the seat and stem r ; ses to that in the injection tube. An 
equation, therefore, is developed which will give this early part of the stem motion to a lift of 
0.001 inch. For this motion, only the hydraulic force acting at the annular area A is con- 
sidered; the increasing hydraulic force at the end of the stem during the interval may be 
neglected without appreciable error. Equation (15) may be used, since the hydraulic force 
varies directly with time and the stem starts from rest. 



A7 

X " 



K 



(15) 



When s is in inches, 0 is in pounds, X is in pounds per inch, K is in pounds per second, and 
t is in seconds, m is wig, where w is the weight of moving parts of the valve in pounds, and g 
is the gravitational acceleration in inches per second per second. For this valve, C is the 



.0/5 



.O/O 



^.005 

0; 



.1 — r. 

Opening period 
S = .0369 + 23t~ .0424%lrf3/06f) 
-.0/36 cos(3/06t) 



- Closing period - 



- I2.75t 
J j L 



S - .051 cos f 3/06 1)- ~ 3 

.0359. t is token os 

zero of .006 second 

— I 1 1 1 1 1 

- .00410 s in (3 10 6 1) 



•O 



.001 .002 . 003 . 004 .005 006 .007 
Time, seconds 

Figure 12.— Computed motion of a spring-loaded automatic injection valve 
stem. Spring scale, 1,000 lb./inch. Weight of moving parts, 0.04 lb. Open- 
ing pressure of injection valve, 3,000 lb./sq. in. Maximum pressure in injec- 
tion tube when by-pass valve opened, 8,000 lb./sq. in. Time for static pressure 
in injection tube to rise from 5,000 to 8,000 lb./sq. in., 0.000 second. Maximum 
stem lift allowable, 0.015 inch 

hydraulic force on the area A at the beginning of the motion of the stem minus the friction of 
the stem in its guide, 

(7=0.0153 square inchX3,000 pounds per square inch — 5 pounds = 40.9 pounds, 

K is the rate at which the hydraulic force acting on the stem is increasing. 

K =833,000 pounds per square inch per second X 0.0153 square inch = 12,750 pounds per second 

Substituting numerical values in equation (15), 
40. 9 , 12750* 



12750 / 0. 040 . / / 10 00X386 \ 
1000 \ 1000 X 386 sm V V 0- 040 ) 



1000 1000 1000 \ 1000 X 386 OAii V\ 0. 040 
s = 0. 0409+ 12. 75#-0. 00410 sin (3106/), 



(15a) 



(15b) 



where s is the compression of the spring in inches. The stem lift S is s minus the initial com- 
pression of the spring or * — 0. 0409 inch. Then, 



S= L2. 75t 0. ()()41() sin 3106< 



(18) 



The curve of this equation (fig, L2) shows that the lift of 0.001 inch is reached in 0.00037 
second. The increase of pressure in the system for this interval of time is 308 pounds per 
square inch. 
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The hydraulic force acting on the stem during the remainder of the motion is that acting 
at the annular area A and at the end of the stem. Equation (14) is applicable to this part 
of the motion, 

S = ^ + A^(^ tl ) + Bcos(^ tl ) (14) 

in which ti is 0 when t = 0.00037 second. The hydraulic pressure is now acting on the entire 
area of the stem. 
Therefore, 

(7= 3,308 pounds per square inch (0.0153 4-0.0123) square inch -5 pounds = 86.3 pounds. 

K= 833,000 pounds per square inch per second (0.0153 + 0.0123) square inch = 23,000 pounds 

per second 

The constants of integration in equation (14) are determined from the known initial 
conditions of this part of the motion. When *i = 0, s = 0.042 inch. Substituting these values 
in equation (14) and solving for the constant B, 

0. 042 = ^ + 0 + ^4 sin (0) + JBcos (0) 

B ~ 0. 0443 

Further, when / = 0, ^| -» the velocity, is thai which is obtained by differentiating equation 
(15b) with respect to t, 

[0. 0409 ; L2. 75/ (). 00410 sin (31060] (19) 

jjr-'13« 75-0. 00410X3106 cos (31060 (19a) 

When < = 0. 00037 second, g^ = 7. 5(> inches per second = ^ for *, 0. Differentiating equation 
(14) to determine the oilier constant of integration, 

-J±XA COs(V^ U)-J± B sin ( J x tl )-r f 



Substituting numerical values and solving for the constant A, when *i = 0, 

2300C 
1000 



23000 

7.56 = 3106 X A cos (0) - 3106 X 0.0443 sin (°) + Tonn" ^ 20a) 



A= -0.00497 

The equation for this part of the motion becomes, 

* = 0.0863 + 23*, -0.00497 sin (3106*0 - 0.0443 cos (3106<0 (21) 

t { =0 when t = 0.00037 second, or *, = (*- 0.00037) second. 
Substituting in equation (21), 

* = 0.0863 + 230-0.00037) -0.00497 sin [31060-0.00037)] -0.0443 cos 

131060-0.00037)] (22) 

s = 0.0778 + 23/ -0.0424 sin (3106*) -0,0136 cos (31060 (22a) 

The stem motion S is (* - 0.0409). 

£ = 0.0369 + 23* -0.0424 sin (31060-0.0136 cos (31060 (23) 
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The curve (fig. 12) of this equation shows that the maximum lift of 0.01") inch was reached 
in 0.0006 second and that the time of opening for this valve is 10 per cent of the injection period 
at full load on the engine. The bouncing of the stem against the stop is neglected. 

The by-pass valves ordinarily employed in the fuel injection systems for oil engines open so 
rapidly that little error is introduced in the computations for the closing motion of the auto- 
matic injection valve stem if it is assumed that the pressure at the valve drops to zero instan- 
taneously. The only force resisting the spring during the closing motion of the stem is the 
friction of the stem in its guide. Consequently equation (12) represents this part of the motion. 
The complete integral of equation (12) is 

s =^ sin (V^) +z?cos (V^) + x (24) 

For convenience in the computations, t 2 is taken as zero at the start of the closing 
motion. Then, when / 2 = 0, $ = 0,056 inch. Substituting in equation (24), 

0.056 =.4 sin (0) + U cos (0) + : C 



1000 
25=0.051 

ds 

Also, when t 2 = 0, ^=0- Differentiating equation (24) with respect to t 2 , 



-VI "'-( V!'') \>'"(v» 



5) 



Substituting numerical values, 

0 = 3106X4 cos(0)-3106X# sin(0) 
A=0 

Substituting in equation (24) 

.9 = 0. 051 cos (3106< 2 ).+ 0.005 (26) 

The equation for the movement of the stem is 

S = 0.051 cos (3106* 2 )- 0.0359 (27) 

The curve of equation (27) (fig. 12) shows that the injection valve stem returned to its 
seat in 0.00025 second. The velocity with which the stem came against its nozzle seat is 

found by differentiating equation (26) with respect to t 2 and solving for for f 2 = 0.00025 

second. The value obtained is 9.3 feet per second. 

CONCLUSIONS 

Experiment and analysis indicate that during the operation of an injection system em- 
ploying an automatic injection valve the rate of oil pressure variations in the injection tube 
and valve differ considerably for different lengths of tubes. For the injection system and the 
pressure conditions investigated in this work, the analysis, substantiated by experimental 
results, shows that when a 43-inch injection tube with a one-eighth-inch bore was used the 
compression of the oil column in the tube was not completed until 0.0028 second after the timing 
valve started to open, while when a 7-inch injection tube of the same bore was used the time 
to complete the compression was 0.0003 second. After the opening of the by-pass valve, the 
pressure in the injection tube was reduced to the closing pressure of the timing valve 0.001 second 
earlier, and the timing valve closed 0.0005 second earlier with the 7-inch tube than with the 4:^- 
inch tube, although the by-pass valve opened at the same time for both tubes. 
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The results of an analysis based on the flow of a liquid between two parallel planes show 
that the hydraulic-pressure variation between the seat and stem of a fuel needle valve for very 
small lifts is given by the equation: 

* h? cos 2 a 

where p hydraulic pressure on the conical surface of the seat for any lift h at distance I from the 
apex of the cone which is formed by extending the conical surfaces. 

P — pressure at the large circumference of the seat. 
M = viscosity of the fuel oil. 

V velocity at which the stem is lifted from its seat. 

Jh = stem lift or opening between the seats, measured along the stem axis. 

a = angle the conical surfaces of the seat make with a plane perpendicular to the stem axis. 

l 2 = distance from apex of cone to its base, measured along the conical surfaces. 

For the conditions of operation of the timing valve employed in these tests the pressure p 
at the smallest circumference of the timing valve stem reached 97.5 per cent of the pressure P 
when the stem had lifted approximately 0.001 inch. 

The results of an analysis of the forces acting on the timing valve stem when its motion is 
controlled by the hydraulic force of the fuel oil show that the motion of the stem is given by 
the equation: 

where /= hydraulic force on the stem at any time t seconds after the motion started plus or 
minus the friction of the stem in its guide. 

X == scale of the spring. 

s = distance spring is compressed in t seconds after motion started. 
m =* mass of moving parts. 

Relations for the lift of stem with time may be obtained from this equation for any particular 
hydraulic pressure variations. 

The results of the analysis of the pressure variations and the equations of motion presented 
m this report for the timing valve are applicable to spring-loaded automatic injection valves, 
and in general to all hydraulically operated valves. 
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APPENDIX 



COMPUTATIONS OF THE PRESSURE IN THE INJECTION VALVE TUBE AT COMPLETION OF COM- 
PRESSION OF THE OIL IN THE INJECTION TUBE AND OF THE TIME TO COMPLETE THIS 
COMPRESSION 

Before the pressure in the injection tube approximates that of the oil reservoir, sufficient oil 
Bowed through the timing valve for the compression of the oil column in the injection valve tube, 
the expansion of the tube walls, and the discharge through the injection valve. The compres- 
sion of the Diesel oil in the 43-inch injection tube was computed to be 0.0132 cubic inch for the 
increase in pressure of 7,000 pounds per square inch. These computations were based on data 
given m reference 4. The volume supplied for the expansion of the tube walls was computed 
to be 0.0006 cubic inch. The volume discharged through fche injection valve during the interval 
of compression was fche product of the average rate of discharge and the interval of time fche 
injection valve was opened. The average rate of discharge from this valve under the test con- 
ditions was found by experiment to be 1.99 cubic inches per second. Experiments made in this 
laboratory showed that with the 43-inch tube and the conditions assumed here the injection valve 
opened 0.0015 second after the timing valve started to open. The volume discharged through 
fche injection valve was (t — 0.0015) 1.99 cubic inches, where t is the time required to raise the 
pressure in the injection tube to the maximum value. 

The time / can be obtained from fche equation 

vtA = C (1) 
where v average velocity through the timing valve. 

£ = time required to raise the pressure in the injection tube to that of the oil reservoir. 
A = average area of opening of timing valve, 0.004 square inches for a lift of 0.026 inch. 

0= volume discharged through timing valve during completion of compression in the 
injection valve tube. 

0*0.004 = 0.0132 + 0.0006 + 1.99 (/-0.0015) (la) 

The average velocity of (low is obtained by equating the loss of strain or resilient energy 
per unit weight of the oil in the oil reservoir to the kinetic energy per unit weight into which 
it was transformed as it flowed into the tube. The resilient energy per unit weight which is 
stored in a liquid, and which is transformed into kinetic energy as the pressure is released, can 
be found by considering a liquid volume of a unit weight that is subject to a pressure which 

decreases by an amount p. From the unit strain and unit stress relation g= j^i 

0-5 (2) 

where 3 = change in volume for the change in stress p, 

B = original volume or l/p for unit weight, p being the density of the fluid, 

K hulk modulus of the fluid, which varies but little for the pressure range considered. 

The change of volume is — , 

*~f; (2a) 
hp 
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The differential energy released per unit weight for a differential pressure change is 

dE= Kp pdv (3) 
Integrating equation (3) between the limits p 2 and ■p l the total energy released is 

E 2K P W 

Equating the loss in resilient energy per unit weight to the kinetic energy per unit weight, 

I>2 2 -Pi 2 _v 2 (r) 
2Kp 2% w 

where p% is the pressure in the oil reservoir, p x is the pressure in the injection tube, and r is the 
velocity through the timing value at any time during the flow. The dissipation of energy due to 
the viscosity of the oil has been neglected since little is known of internal losses in the oil at the 
high pressures considered. The small deviation between the computed curve for the closing 
of the valve and the experimental curve indicates that the effect of the viscous dissipation of 
energy is small. Solving (5) for 

\ g($ 2 -y 2 ) 

The average velocity is 



- 1 fp* 

v= , r vdv (6) 

Differentiating equation (5a), substituting in equation (6), and integrating between the limits 
p 2 = 8,000 pounds per square inch and pi = 1,000 pounds per square inch, the average velocity 
is found to be 121 feet per second. Substituting in equation (la). 

/ = 0.0028 second 

The compression of the oil in the injection tube was completed 0.0028 second after the 
timing valve stem left the seat. The total time from the beginning of t he stem motion was 0.0028 
second plus 0.00039 second, or 0.0032 second. The total oil volume that left the oil reservoir 
during this time was 0.0132 + 0.0006 + 1.99 (0.0028-0.0015) = 0.0164 cubic inch. This reduced 
the pressure in the oil reservoir to 7,830 pounds per square inch. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
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CL ~qbS 



tAf -qcS 



Angle of set of control surface (relative to neu- 
tral position), 5. (Indicate surface by proper 
subscript.) 



ps 

4. PROPELLER SYMBOLS 



Pe, 
Pot 

Ps, 
Pv, 
Pa 



Diameter. 
Effective pitch. 
Mean geometric pitch. 
Standard pitch. 
Zero thrust. 
Zero torque. 
p/D, Pitch ratio. 
V, Inflow velocity. 
V s , Slip stream velocity. 



T, Thrust. 
Q, Torque. 
P, Power. 

(If " coefficients' 9 are introduced all 
units used must be consistent.) 
7j } Efficiency =T V/P. 
n, Revolutions per sec, r. p. s. 
N, Revolutions per minute, r. p. m. 
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<£, Effective helix angle = tan 



5. NUMERICAL RELATIONS 



1 hp = 76.04 kg/m/s = 550 lb./ft./sec. 
1 kg/m/s = 0.01315 hp 
1 mi./hr. =0.44704 m/s 
1 m/s = 2.23693 mi./hr. 



1 lb. =0.4535924277 kg 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3.2808333 ft. 



